For through-silicon optical probing of microprocessors, the heat generated by devices with power over 100W must be dissipated [1] 
Introduction
Once a first silicon device is fabricated, ''real world'' validation of the design begins. About 40% of first silicon designs ͓3͔ go through this design-debug validation step. For this particular application the device under test ͑DUT͒ was in its native system level application. This method provides the unique capability of investigating devices in full system operation and using a subset of stimulus vectors to excite a certain section of the chip.
Operating at high frequencies ͑up to 1.3 GHz͒, microprocessors can consume power, up to 150 W. Even so, the internal debug of these IC devices requires removal of their heat sinks as well as thinning their silicon substrates ͑Ͻ100 m remaining Si thickness͒. Thinning is necessary for optical probing to access individual transistor information ͓4͔. For through-silicon optical probing of these ICs, the heat has to be removed efficiently to maintain junction temperatures at a reasonable level. This power consumption is directly related to the large number of transistors operating almost simultaneously as well as the high operational frequencies ͓5͔. One such optical probing tool to address through silicon probing is the IDS PICA ͑Pico-second Imaging Circuit Analysis͒, which actually detects in space and time ͑x, y and t͒ the photons created when CMOS transistors switch ͓6͔ with a binning resolution of 2.5 ps and a system resolution of ϳ80 ps ͓7͔. Transparent diamond enables the optical probing because it has the required transparency and the highest thermal conductivity.
Cooling a thinned microprocessor while under a functional system test on its motherboard was further complicated by space and accessibility limitations due to other motherboard components, some of which required air-cooling. A number of limitations required a compact heat spreader and heat exchanger. The optimized design needed to enable the microprocessor temperature to be regulated and maintained between 60 and 100°C as the device power went up to 150 W ͓2͔. What is now described is the existing hardware that was designed to cool the device. Figure 1 shows the heat spreader/heat-exchanger arrangement that was mounted to the printed circuit motherboard ͓2͔. The configuration consists of four basic components: ͑1͒ die-sizedependent copper heat spreader ͑HS͒; ͑2͒ heat exchanger ͑HE͒ plate with circulated cooling air; ͑3͒ pressure controlled air/ thermal forcing system to provide constant air flow and ͑4͒ diamond window located between the thinned silicon die and copper heat spreader. The diamond window improved the system's thermal performance and made possible microprocessor probing by dissipating up to 150 W. Figure 2 shows the cross section of the components interfaces. The custom device clamp was secured with 4 springs ͑not shown in Fig. 2͒ . The HS had a diamond window attached to it and centered with respect to the DUT. The opening on the HS allowed the lens to move. The HE was permanently attached to the HS by 16 screws.
Heat Spreader and Heat Exchanger Configuration
Heat exchanger design consisted of recirculating, concentric pathways, which expanded while flowing away from the device to facilitate thermal expansion of the forced air and to help minimize system backpressure. The pathways were made tall and narrow to accommodate the higher flow rates while minimizing the footprint of the exchanger. The thermocouples T B and T HS were used during the system test. They were the only temperature readings available during the test since there was no access to the die.
Cold air circulation into the HE was supplied by a commercially available thermal inducing system-ThermoStream TP04300A ͑Temptronic®͒. This air flow system delivered controlled temperature air from Ϫ20°to ϩ25°C to the HE during system functional testing. Both the air temperature and the flow rate could be controlled. Figure 3 represents a control block diagram of the thermal system ͓8͔. We used two parameters-the temperature and flow rate of the cooling air-in order to achieve the desired thermal debug environment. Maintaining the temperature of the DUT within a certain range was critical, yet it was impossible to measure it during the full system test, and consequently we needed to derive it independently. By monitoring the system temperature at two selected locations, the T DUT could be recovered using the analytical system model while the microprocessor is under a system test. The goal was to develop a mathematical model so that both the DUT temperature and input power could be derived through the analytical expression. Furthermore that expression could be used as feedback function and control the actual DUT temperature.
Problem Statement

System Characterization-Thermal Test Vehicle
To characterize the system and to determine the performance of the HS and HE, a special test chip was used as a thermal test vehicle. The goal of the characterization was to determine temperature of the DUT (T DUT ) and input power of the device by monitoring temperature at certain locations, accessible during optical probing ͑Note: during design debug probing the sensor cannot be attached to the die.͒ Using the thermal test vehicle a thermocouple was attached onto the diamond surface and the temperature was monitored (T DIA ). Later those measurements were used for comparison with analytically calculated values for T DUT . Figure 2 shows a half cross sectional view of system components. Three thermocouples (T DIA ,T HS ,T B ) were used for system characterization. T HS and T B were used during operational device test for thermal system control. Calculations determined that the temperature difference across the diamond window ͑dia-mond thickness was 300 m͒ was ϳ0.08°C for 150 W power into the device and consequently we made the assumption that T DUT ϭT DIA .
For each air temperature, flow rate and power into the device there was a unique temperature for the HS at the measured location and for the device itself. The following represented the DUT temperature:
After initial system characterization, system variable correlation was observed. Figure 4 shows the temperature of HS and diamond as a function of power into the device for a certain air temperature and air flow rate. As expected the relationship was near linear. Figure 5 shows the relationship between cooling air temperature and HS temperature for three different airflow rates (2.8, 4.24, 5.66)ϫ10
Ϫ3 m 3 /sϭ(6, 9 and 12) scfm, respectively, and a constant input power of 50 W into the device.
T DUT ϭT DIA ϭT HS ϩC 1 W as per Fig. 4 , where C 1 is a constant. Again as expected the relationship could be approximated as a linear function.
Another parameter that can be varied in the system is the airflow. Figure 6 shows the temperature of the HS for different val- The system characterization was further used to determine the analytical expression coefficients. What follows is the thermal system mathematical model development.
Mathematical Model Development
Because of the symmetry in our 3D model it suffices to study the steady state heat distribution on a 2D cross section, shown in Fig. 7 . In fact, it suffices to consider the system as a 1D nonuniform rod with the cooling air on one end and the DUT on the other as shown in Fig. 8 .
Here T DUT , T HS , T B , T FP and T AIR denote the temperature on the diamond, the heat spreader, the point T B , a hypothetical point T FP , and the temperature of the air, respectively. It was convenient to identify the points T DUT , T HS , T B , T FP , T AIR with the temperature at these points.
Our goal was to find explicit dependencies
allowing us to compute the desired temperature or the wattage of the chip as a function of known ͑measurable͒ parameters. We proceeded with the mathematical model. The steady-state heat distribution u(x) in a nonuniform 1D rod was governed by the well known heat equation ͓9͔
where f (x) was the heat conductivity of the nonuniform rod T DUT T AIR at the point x, where T DUT was assumed to be at x ϭ0. The only challenge was to account for the variable air flow, which could be thought of as changing the conductivity properties of a portion of the 1D rod T DUT T AIR . The airflow only affected the heat conductivity in portion of the 1D rod-T FP T AIR . The fictitious point T FP was introduced artificially in this model and the temperature at this point ͑which was denoted by T FP ) only depended on the temperature of the air T AIR and the air flow FLOW ͑and incorporates all effects of T AIR and FLOW in the system͒, but was independent of the temperature on the chip T DUT .
Since the thermal conductivity of T DUT T FP was independent of T AIR and FLOW, the temperature of the heat spreader T HS would be some weighted average between T DUT and T FP , namely T HS ϭaT DUT ϩ(1Ϫa)T FP . A similar statement was true for T B . From ͑1͒ we obtained du/dxϭc/ f (x) with boundary conditions u(0)ϭT DUT and u(L) ϭT FP , for some constant c, where L was the distance between T DUT and T FP . Solving this differential equation we obtained:
where F(x) was such that dF/dxϭ1/f (x). If x 0 was the distance between T DUT and T HS then setting aϭ(
where b was easily recovered from experimental data to obtain
The dependence of T FP on T AIR and the air flow rate FLOW was more interesting. The air was released at the point T AIR with initial temperature T AIR and traveled a distance d before it reached the point T FP at which point it had warmed up to temperature T FP ͑Fig. 9͒.
Here we assumed that the air was being heated up by a constant temperature T 3 , independent of T AIR and FLOW. Since the chip was the only source of heat, T 3 would be some linear function of the wattage of the chip W and would depend on W only, i.e., T 3 ϭkWϩs, where k and s were constants.
Since the air was traveling at a constant rate, the distance d that the air traveled from point T AIR to point T FP was proportional to the time t that it took the air to travel that distance. Therefore the fact that the air was actually traveling was irrelevant, what mattered was that the air was being warmed for a specific amount of time t, proportional to d. Thus we could go a step further in our model and consider the equivalent setup of the air being a fixed 1D rod sitting in one place with initial temperature T AIR , being warmed for a specific amount of time t proportional to d by a constant temperature T 3 on the boundary.
The heat equation on a 1D rod with prescribed constant temperature on both ends implied that the average temperature on the rod would decay exponentially towards the temperature on the boundary and an approximation of a form T FP ϭT 3 ϩbe Ϫmt was appropriate and reasonably accurate ͓9͔. Here m and b were unknown constants. Since t was proportional to d and d was in turn inversely proportional to the air flow FLOW, it was appropriate to write T FP ϭT 3 ϩbe Ϫh/FLOW , where h was also a constant. Using FLOW in this formula was more appropriate, since FLOW was our input parameter of practical interest, not d or t, which we only introduced as a part of the mathematical model. Table 1 shows the comparison between the T DUT obtained through the analytical model and through the experimental set up. A similar comparison for wattage is given in Table 2 .
Comparison Between Experimental Test Data and Mathematical Model Data
From the extensive data comparison it was concluded that the accuracy was better than 10% over the entire temperature and power ranges.
Conclusions
We have described a thermal system to accommodate the through-silicon optical probing of microprocessors that generate more than 100 W.
The system was characterized and the relationships between the parameters were established. The 3D case of heat transfer was simplified to a 1D case by dividing the heat flow into two parts. The mathematical model of the thermal system was developed so that both DUT temperature and input power could be determined through an analytical expression. Having an analytical expression versus a look up table is a big advantage in terms of software control capabilities. The accuracy over the full temperature and power range was better than 10%. 
